Obese type 2 diabetes and traumatic brain injury are associated with persistent peripheral and neuro-inflammation, respectively. We tested whether adult type 2 diabetes increased the hazard rate for neurodegeneration complications following traumatic brain injury.
Introduction
According to the 2017 National Diabetes Statistics Report, about 10% of the United States population lives with diabetes, the vast majority have type 2 diabetes [1] . Adult type 2 diabetes mellitus is associated with an increased risk of Parkinson's disease [2] , and late-onset Alzheimer's dementia (AD) [3] . Traumatic brain injury increases the risk of neurodegenerative disorders via poorly-defined mechanisms thought to involve (in part) persistent neuro-inflammation [4] . Since aging of the 'baby boomer' generation in the United States is expected to substantially increase the incidence of age-associated neurodegenerative disorders over the next several decades [5] ,
we set out to test whether obese type 2 diabetes might increase the risk of neurodegenerative complications in middle-aged and older adult U.S military veterans who suffered a previous traumatic brain injury.
Methods
A Veterans Affairs New Jersey Healthcare System medical records database search of patients having an International Classification of Diseases (ICD)-9 and -10 diagnostic code for late effects of traumatic brain injury (TBI), diffuse traumatic brain injury (or closely-related diagnoses) was performed for the time interval 2016-2019. A retrospective chart review was conducted in which possible risk factors associated with accelerated cognitive decline, Parkinson's disease or worsening depression were extracted from the patient record. Patients were excluded if they had experienced any of the endpoints of dementia, Parkinson's disease or suicide attempt (severe depression) prior to the date of traumatic brain injury. The date of first TBI occurrence was recorded and subsequent occurrence (or nonoccurrence) of a neurodegenerative endpoint, i.e. Parkinson's disease, worsening major depression (i.e. suicide attempt), or dementia was used to calculate the time to first occurrence of an endpoint (or the endpoint-free observation period). The 'severity of TBI' followed the definitions used by the Defense and Veterans Brain Injury Center [6] : 'mild TBI'-loss of consciousness 0-30 minutes and alteration of consciousness from a moment up to 24 hours; 'moderate TBI'-loss of consciousness >30 minutes and less than 24 hours, post-traumatic amnesia more than 1 day to less than 7 days; 'severe TBI'-loss of consciousness more than 24 hours and post-traumatic amnesia more than 7 days. Type 2 diabetes mellitus was defined as having a hemoglobin A1c > 6.4%.
Major depressive disorder (MDD) required a clinical diagnosis by a psychiatrist and the current use of anti-depressant medications. Worsening depression was evidenced by suicide attempt in a patient having a prior diagnosis of major depressive disorder.
Parkinson's Disease-required clinical diagnosis by a neurologist/movement disorder specialist together with typical clinical symptoms having a positive response to L-dopa medications. Dementia-was based on clinical diagnosis by a psychiatrist or neurologist, diagnostic score on the St. Louis University Mental Status test [7] and/or the use of FDA-approved medications to treat dementia.
Hypertension-essential hypertension was based on clinical diagnosis in patients taking one or more classes of antihypertensive medications.
Plasma low-Density Lipoproteins (LDL)-Cholesterol, and triglyceride levels-the fasting plasma LDL-cholesterol and triglyceride levels recorded prior to or around the time of initiation of lipid-lowering medications was used as the risk variable value.
Statistical Analysis
We utilized Cox proportional hazard regression analyses on the time to the first occurrence of worsening major depression, dementia or Parkinson's disease comparing between diabetic patients with non-diabetic patients. For multivariate Cox proportional hazard model, we included other risk factors, age, body mass index (BMI), triglyceride, hypertension, and LDLcholesterol concentration. Two group paired t-test for continuous variables and chi-square or Fisher's exact test for dichotomous variables were examine the baseline risk factors between diabetic and non-diabetic patients. All significance test were two-sided 0.05 alpha level (SAS, verse 9.4 for Windows; SAS Institute, Cary, NC).
Results

Adults (>50 years old) having prior traumatic brain injury
The medical records database search yielded 135 patients-all of whom had suffered a TBI. Owing to a pre-specified age cutoff of 50 year or older for inclusion in the study, fifty-four patients younger than 50 years old were excluded from the analysis. One additional patient was excluded because he had experienced dementia prior to TBI injury. Among the remaining eighty patients, 40 (50%) had suffered a mild TBI, 3 (4%) experienced a moderate TBI, 12(15%) had a severe TBI and in 25 (31%) patients TBI severity could not be determined.
Baseline characteristics in the study patients
The study group is shown in Table 1 . The mean age was 64.1 ± 8.1 years. Approximately one in six patients had type 2 diabetes, and nearly one half of the patients had essential hypertension. The mean level of plasma triglycerides in the study group was 243 ± 154 mg/dL. The mean glycosylated hemoglobin concentration among type 2 diabetes patients was 8.2% ± 2.5%, and the range was 5.8-14%. The known duration of diabetes ranged from 1-30 years, mean 7.9 years (not shown in Table 1 ). 
Cox proportional hazards regression analysis
In proportional hazards regression analysis (unadjusted model), type 2 diabetes was a significant predictor, hazard ratio = 2.95; 95% CI 1.15-7.56; P=0.02 of the time to first post-TBI occurrence of the composite neurodegenerative disease endpoint (worsening depression leading to suicide attempt, dementia, Parkinson's disease) ( Table 3 ). 
N=78 patients
Association between diabetes and other baseline risk factors
Type 2 diabetes was associated with a significantly higher cooccurrence of baseline hypertension (77% vs. 42%, P =0.02) compared to diabetes without hypertension (Table 4 ).
There was a borderline significant association (P=0.08) between diabetes and baseline increased body mass index (Table  4 ). 
Neurodegenerative outcome frequencies in patients with and without hypertension
Total 15 composite first neurodegenerative disease occurrence was experienced by 15 of 37 patients with hypertension (40.5%) compared to first neurodegenerative disease occurrences experienced by five of 43 patients without hypertension (11.6%) ( Table 5 ). 
Multi-variable regression analysis
In Cox proportional hazards regression analysis that included six baseline risk factors (age, BMI, diabetes vs no diabetes, hypertension vs no hypertension, LDL-cholesterol, plasma triglyceride concentration, hypertension (vs. no hypertension) was a significant predictor HR= 4.15; 95% CI 1.21-14.29; P = 0.02 of the time to first post-TBI occurrence of the composite neurodegeneration endpoint (Table 6 ). Higher body mass index was nearly significantly predictive of the time to first event occurrence HR= 1.14; 95% CI 0.992-1.302; P =0.06 (Table 6) , after adjusting for other covariates. There was no significant interaction effect of either diabetes or hypertension and any other risk factor on the hazard for post-TBI occurrence of the composite neurodegeneration endpoint (not shown in Table 6 ). 
Discussion
The current data are the first to suggest that type 2 diabetes is associated with a substantially increased (three-fold) hazard rate for the occurrence of neurodegenerative complications in veterans following a traumatic brain injury. Prior published reports suggested that a single moderate-severe traumatic brain injury increases the risk of dementia and Parkinson's disease [8] [9] [10] . Post-mortem studies in brain from lifetime TBIsufferers indicated the presence of Lewy bodies characteristic of Parkinson's disease and Parkinson's disease with dementia and/ or neuritic plaques characteristic of AD [11] [12] [13] Chronic traumatic encephalopathy (following exposure to multiple mild TBI) is neuropathologically distinguishable from AD [14] consistent with the view that 'trauma-associated neurodegeneration' is likely pathophysiologically heterogeneous [15] . Since our study cohort included patients who had suffered from a single TBI (70/80 pts) and multiple mild TBIs (10/80 pts) diverse biologic pathways and underlying mechanisms may have contributed to composite neurodegenerative endpoint occurrence. Because information about TBI severity was missing in 30% of patients in our study cohort we did not test for a possible relationship between TBI severity and neurodegenerative endpoint occurrence.
Major depressive disorder was a highly comorbid condition occurring in 61% of the study cohort of middle-aged and older TBI patients. Major depressive disorder increases in older adult type 2 diabetes [16] and in our prior reports, circulating 5-hydroxytryptamine 2A receptor-activating autoantibodies increased in subsets of obese adult type 2 diabetes suffering with major depression [17] , Parkinson's disease and dementia [18] . The serotonin 2A receptor is highly expressed in specific brain regions [19] , e.g. medial prefrontal cortex and hippocampus dentate gyrus, implicated in depression pathophysiology and treatment responsivity, respectively. In our preliminary experiments, two older adult type 2 diabetic patients who had experienced a single moderate or severe TBI and subsequently developed dementia (n=1) or Parkinson's disease (n=1) both harbored 5-hydroxytryptamine 2A receptor-activating autoantibodies in their circulation (Zimering MB, unpublished observations). In a recent report in forty-nine adults with type 2 diabetes mellitus, there was a significant association between circulating neurotoxic 5-hydroxytryptamine 2A receptor IgG autoantibodies and the presence of one or more co-morbid microvascular (i.e. retinopathy or nephropathy) and/or neurodegenerative complications (major depression, dementia, Parkinson's disease) [20] . Hypertensive patients who had suffered cerebrovascular accident were among the patient subgroups whose IgG autoantibodies displayed highest binding in an enzyme linked immunosorbent assay using a 5-HT2A receptor, second extracellular loop region synthetic peptide as the target antigen [20] .
Microvascular damage, increased blood brain barrier permeability, and chronic inflammation are pathophysiological mechanisms common to both obese, adult type 2 diabetes and traumatic brain injury [21] . Hypertension is highly co-morbid in obese adult type 2 diabetes and an independent established risk factor for accelerated cognitive decline experienced by middle-age and older populations [22] . In the Veterans Affair Diabetes Trial of 1791 middle-age and older veterans with type 2 diabetes, hypertension and hypertriglyceridemia were significant predictors of the risk of accelerated cognitive decline in executive function and processing speed [23] . These same two cognitive domains were also reported to be preferentially affected in TBI patients [24] . Abdominal obesity contributes to hypertriglyceridemia and promotes increases in proinflammatory cytokines [25] leading to chronic inflammation and increased blood brain barrier permeability [26] . The present data suggest that these and other factors associated with hypertension and obesity may contribute to the increased hazard of neurodegenerative disorder occurrences following TBI in adult type 2 diabetes.
Our findings suggest the current worldwide epidemic of obesity and type 2 diabetes [27] which is already expected to impact the future projected increase in neurodegenerative disorders incidence [5] may be particularly relevant to the 380,000 U.S. military veterans suffering with TBI [Defense and Veterans Brain Injury Center Statistics, 2000-2018] [6] . In our multi-variable model, every 1 point increase in BMI, e.g. 32 to 33 kg/m2, increases the risk of neurodegenerative outcome occurrence by 14%. Obesity, type 2 diabetes and hypertension are generally modifiable risk factors whose mitigation might have profound consequences in terms of reducing the future social, economic and medical burdens of neurodegenerative disorder occurrences among lifetime TBI-sufferers.
A strength of the present study was the availability of detailed medical records permitting 'time-to-event' proportional hazards regression analysis of baseline risk factors associated with neurodegeneration following TBI. The retrospective study design means the findings are prone to recall bias inherent in the use of self-reporting. Our findings may only apply to TBI experienced by male veterans. More study in women who have higher incidences of both late-onset AD and major depressive disorder is needed to further evaluate the apparent association(s) between diabetes, hypertension and higher BMI with an increased risk of neurodegenerative disorders occurrences following TBI. Metabolic syndrome is prevalent in obese adult type 2 diabetes and it is associated with additional non-glycemic factors which may independently drive neurodegeneration including: abdominal obesity, systolic hypertension, hypertriglyceridemia and micro-albuminuria.
In summary, these are the first data suggesting a possible role for adult type 2 diabetes, hypertension and increased body mass index in the increased risk for common forms of neurodegeneration occurrence following TBI. The findings have significance to US military veterans who experience lifestyle changes, i.e. increased sedentariness, and weight gain, after deployment in part due to the high rate of psychological trauma and treatment with anti-depressant medications. More study of the mechanisms underlying the link between diabetes and accelerated cognitive decline in older veterans could lead to improved strategies to prevent late occurrence of neurodegenerative sequelae in younger veterans affected by TBI.
